The nutritional status of phytoplankton in a shallow, hypertrophic lake was analyzed by stoichiometry of seston and by enrichment bioassays during a 6-month period. Both methods suggested moderate and temporally interrupted nutrient limitation of reproductive rates. Nitrogen was the most frequently limiting nutrient, phosphorus was next, and silicate limitation of three diatom species occurred only once. The nutritional status of the most abundant individual species could be described by the Monod equation. The nutritional status of the entire phytoplankton assemblage could be described by a modified version of the Droop equation. In accordance with competition theory, phytoplankton species were arrayed along resource ratio gradients. These results are consistent with ecophysiological models derived from culture experiments.
A physiological approach to the ecology of phytoplankton (as advocated, e.g. in Tilman's 1982 competition theory) frequently encounters the criticism that results obtained from laboratory cultures cannot be transferred to nature. It is said that the mismatch between the spatio-temporal scales of typical ecophysiological experiments and of the natural environment (Allen 1977 ) and the insufficient appreciation of environmental fluctuations in culture experiments (Harris 1986 ) makes it impossible to bridge the gap between physiology and ecology. Such criticism has become especially serious in relation to some well-known physiological models of nutrient limitation of phytoplankton reproductive rates and in relation to competition models based on such physiological models.
Dissatisfaction with the Monod model as a descriptor of the nutritional status of natural phytoplankton is common (e.g. Harris 1986 ). Unsteady state conditions in the field and intracellular storage permit temporal uncoupling between phytoplankton reproductive rates and ambient nutrient concentrations. Under such circumstances the intracellular concentration of limiting nutrients ("cell quota") is considered to be a better indicator of the nutritional status than ambient concentrations (Droop 1973 (Droop , 1983 . Goldman et al. (1979) took the widespread occurrence of a sestonic stoichiometrynearC:N:P= 106 : 16 : 1 (Redfield ratio) as evid.ence for nutrient-saturated reproduction of phytoplankton in the oligotrophic ocean, despite extremely low ambien t nutrient concentrations. Harris (1986) extended this claim to all kinds of seas and lakes. Meanwhile, this view became untenable because C : N and C : P ratios clearly in excess of the Redfield values have been found in various marine and freshwater sites (summarized by Sommer in press). The corn bination of enrichment bioassays and of seston stoichiometry provided evidence for the suitability of the stoichiometric approach and for the occurrence of nutrient limitation in mesotrophic Schijhsee (Sommer 1988a) . In this study, I use the same approach to analyze the nutritional status of phytoplankton in a shallow (-2-m depth), hypertrophic, brackish, coastal lake in northern Germany (Grol3er Binnensee). In addition, I examine whether the species composition of phytoplankton follows the patterns postulated by the theory of resource competition (Tilman 1982) , i.e. whether the species composition shows correlations with ratios of limiting resources.
Methods
Samplivjg, measurements, and experiments-The study period extended from 11
May to 30 November 1987. Samples for phytoplankton cell counts were taken from three stations at weekly intervals. Samples for chemical analyses and for the nutrient enrichment bioassays were taken only from the central station. Additional data (zooplankton, Coulter volume, extinction coefficient) were obtained from parallel projects on the same lake (courtesy of W. Lampert, H. Rai, and H. G. Wolf tive rates in the enriched bottles were connitrate membrane filters (0.2-pm pore size). sidered to be nutrient saturated (p,,,) . In a The entire filter was then used for the stan-case where single nutrient addition would dard total phosphorus technique, which have yielded a smaller but significant incompletely extracted P from the filters withcrease than double nutrient addition, the out dissolving them. Similarly, particulate alga would have been considered limited by opaline silicate was extracted from Nuclea single nutrient although only the repropore filters (0.2 pm) and measured accordductive rate after double nutrient addition ing to Tessenow (1966) .
would have been considered maximal. Samples for enrichment bioassays were filtered through a 250~pm-mesh screen and diluted lOfold with filtered lake water. This suspension was distributed into nine Erlenmeyer flasks. Two of the flasks received no nutrient enrichment, three received one of the three potentially limiting nutrients (Si, P, N), three received the pairwise combinations (Si + P, Si + N, P + N), and one received the triple enrichment. Since N was supplied as ammonium nitrate no difference in the response between ammonium-and nitrate-preferring algae was expected. The bottles were incubated at ambient temperatures, ambient L/D cycle, and a light intensity of 160 PEinst m-2 s-l PAR. This light intensity most likely precludes both light limitation and light inhibition for most phytoplankton species. Cell counts for estimates of reproductive rate were performed on days 0, 1, and 3. For the statistical analysis all bottles enriched with the nutrient in question were considered as treatment, all bottles without this nutrient were consid- 1 -% I-c = P'max--4 where q. is the minimal cell quota and P',.,.,~~ the theoretical maximal reproductive rate, which would be reached at an infinite cell quota. The true prnax of the Monod model is reached at a finite cell quota (qmax).
The Droop model is not directly applicable to the available data, because it requires species-specific cell quotas and not just sestonic averages. A way out of the dilemma has been shown by Goldman et al. (1979) . If the biomass-specific minimal cell quotas do not differ too greatly among species, species-specific differences in plrnax can be removed by replacing p with the relative reproductive rate [p',,, = (p/$,,,)] for each species. A biomass-weighed community average of the relative reproductive rate (M',,,) should then show the following relationship to the community average of the biomass-specific cell quota (Q, "bulk cell quota"):
where L is the concentration of the limiting element in the biomass. In an earlier application of Eq. 3 (Sommer 1988a) I neglected the difference between pmax and P',,.,~~ and used the reproductive rates in the nutrient-enriched treatments (pm,,, but not p',,,,,) to calculate P',~. If, however, there is a nonnegligible difference between the true and the theoretical maximal reproductive rate, the intercept would differ from 1 and the slope from Q,:
Qo and Qmax could then be calculated from the intercept and the slope of the fitted regression:
Results Phytoplankton biomass and species composition -There were three major biomass peaks during the study period (May/June, August, September/October). Calculated algal carbon reached values around lo4 pg liter-l. During the midseason minima, algal biomass declined by about 102.5 (Fig. 1 ). Horizontal differences between the three sampling stations were much less pronounced (factor usually ~2) than temporal change and will not be considered further. POC and carbon calculated from particle volume measured by the Coulter counter showed the same temporal trend. Their minima, however, were much less pronounced ( Fig. 2 ), which indicates a big fraction of detrital carbon during periods of low biomass. During algal maxima, calculated algal carbon and POC were almost identical.
Midseason phytoplankton minima coincided with peaks of zooplankton abundance and, presumably, grazing pressure. During the July and August/September phytoplankton minima, biomass of the dominant zooplankton species, Daphnia magna, alone was > 1 mg fresh wt liter-l (Fig. 3) , which makes it plausible to consider the midseason phytoplankton minima as grazing-induced "clear-water phases" (Lampert 19 8 8) .
Phytoplankton species composition (Fig.  4) was always dominated by small algae (< 30 pm), which are considered good food for filtering Cladocera. There was no transition toward less edible large or colonial algae as postulated in the PEG model for planktonic succession (Sommer et al. 1985) .
Large colonial algae (Aphanizomenon gratile, Pediastrum spp.) were present but never reached 5% of total biomass. Some of the most important diatom species (Chaetoceros gracilis, Chaetoceros muelleri, Nitzschia closterium) are quite typical for brackish conditions. The nondiatomaceous species, however, cannot be considered typical for brackish waters. peaks, but nutrient depletion during these periods was far less pronounced than in many other lakes. Concentrations never fell near the limit of detectability. The minimal concentrations of SRP (0.17 PM in July, 0.16 PM in August, 0.06 PM in October) and of DIN (1.1 PM in July, 3.45 PM in August, 1.3 PM in October) were in a range where Monod kinetics would predict moderate nutrient limitation of species with relatively high requirements (Kohl and Nicklisch 1988) . Silicate reached such a low concentration only once (1.59 PM on 10 August). During the clear-water phases, SRP concentrations recovered more rapidly than DIN concentrations; among the components of DIN, NH,+ increased more quickly than NO,-. During the fall decline of phytoplankton, both nitrogen components increased at nearly equal rates.
Atomic C : P ratios in the seston varied between 60 and 200 (Fig. 6 ). According to Goldman et al. (1979) the Redfield ratio (C:P = 106) can be considered as an approximate boundary between nutrient limitation and saturation. Contrary to common misunderstanding, nutrient saturation does not necessarily imply maximal reproductive rates, because light limitation may also produce a stoichiometry close to the Redfield ratio (Tett et al. 1985) . Values were clearly in excess of the Redfield ratio for short periods during the first and third peak of algal biomass. Such ratios indicate moderate P limitation of at least some components of the phytoplankton.
During the biomass peaks, the C : P values should be only marginally influenced by detritus because POC and calculated algal carbon did not differ greatly during those periods (Fig. 2 ). Atomic C : N ratios in the seston varied between 5.7 and 12.4. In the case of nitrogen, the Redfield ratio is C : N = 6.625. Clearly higher values were found during all biomass peaks and for more extended periods than C : P ratios in excess of the Redfield ratio. C : Si ratios for the entire seston were not calculated because they would have reflected the share of diatoms rather than the nutritional status of the dia- were calculated by dividing the calculated diatom carbon by the particulate silicate. These values are meaningful only during peaks of diatom biomass. Otherwise, they are probably strongly influenced by diatom debris. This inference is drawn from the fact that even in the absence of living diatoms (14 Septernber) 3.6 PM of opaline silicate were suspended in the water. The C : Si ratio was highest (8 : 1) during a diatom peak coincident. with the seasonal minimum of dissolved silicate concentrations.
Enrichment experiments-Reproductive rates increased significantly upon nutrient enrichment in 92 out of 168 cases (one species on one sampling date constituting one case). Nitrogen limitation was the most common form of nutrient limitation (67 cases), followed by phosphorus limitation (16 cases). Increase of reproductive rates after adding P and N combined but not after adding a single nutrient was rare (6 cases); silicate limitation was even rarer (3 cases). Pronounced taxonomic differences in the identity of the limiting nutrient were not found. Among green algae (Fig. 7) , N was limiting in 70%, P in 20%, and combined P and N in 10% of the cases of nutrient limitation. Diatoms (Fig. 8) were N limited in 79%, P limited in 9%, Si limited in 9%, and P + N limited in 3% of the cases. Other toms. Instead, C : Si ratios for the diatoms higher taxa (Fig. 8) were poorly represented in the data set. Usually nutrient limitation was moderately intense; in 62 of the 92 cases the reproductive rate in the controls was more than half of the reproductive rates in the treatments. N limitation usually seemed to be stronger than P limitation.
In half of the cases of P limitation, reproductive rate in the controls exceeded 75% of the reproductive rates in the P-enriched treatments. Such cases of marginal nutrient limitation occurred in only 18% of the cases of N limitation. The biomass-weighted community average of the intensity of nutrient limitation (IL = 1 -P,,~) shows the same trend; nitrogen limitation was usually stronger and temporally more persistent than P limitation (Fig 6) .
The relationship between nutrient limitation and seston stoichiometry-Quite frequently the phytoplankton community contained algal species limited by different nutrients. This disparity imposes some difficulties in applying Eq. 4. Elrifi and Turpin (1985) presented several response types of the cell quotas of nonlimiting nutrients to rates: invariant cell quotas, curvilinear response according to the Droop equation, and curvilinear responses of other types. Among this variety, two extreme situations can be accommodated by Eq. 4: the cell quota of nutrient A may stay near the cell quota required for maximal growth if nutrient B becomes limiting. In this case, a prcl of 1 must be entered into the calculation of the community average of prcl (M,,,) if Eq. 4 is applied to nutrient A. If-the other extreme-the cell quota of nutrient A declines proportionally with that of B, the B-limited value of p,,] must be entered into the calculation, even if Eq. 4 is applied to nutrient A. Both assumptions were tried. In the case of P limitation the latter approach failed. The first approach (cell quota of the nonlimiting nutrient unaffected) yielded a satisfactory fit: M,, = 1.13 -0.00136 (C:P), r = 0.69, n = 30, P < 0.0001; Q, = 0.0012 mol P (mol C)-l Q max = 0.0105 mol P (mol C)-I.
In the case of N, both approaches yielded almost identical fits because of the overrid- ing importance of N limitation in Gr. Binnensec and, therefore, the marginal influence of P-and Si-limited rates. The first approach yielded the regression: 
Discussion
The results presented here do not support the notion that culture physiology is irrelevant for field ecology of phytoplankton. Two physiological models of nutrient-limited reproductive rates (the Droop model and the Monod model) provided a reasonable description of the behavior of phytoplankton in Gr. Binnensee. This finding was less surprising for the Droop model. Moreover, not only could the general form of these models be fitted to field data, but the numerical estimates of parameters also lie well within the range reported from culture experiments.
In a literature survey I found 3 1 values of biomass-specific minimal cell quotas of phosphorus (Sommer in press) . The data were widely scattered with a roughly lognormal distribution and a geometric mean of 0.0014 mol P (mol C)-l (mean -SD = 0.0006; mean + SD = 0.0036). The minimal bulk cell quota (Q,) obtained here (0.00 12 P/C) is very close to the mean of the literature data. There is, however, one unresolved contradiction.
As mentioned above, the use of the bulk version of the Droop model requires interspecific similarity in minimal cell quotas as opposed to the wide scatter of minimal P quotas found in the literature.
Apparently the dominant phytoplankton species in Gr. Binnensee were sufficiently similar in minimal cell quotas to make the bulk version of the Droop model applicable. This question should be further addressed when the development of appropriate separation techniques makes the original, species-specific Droop equation usable for field populations.
A similar comparison for minimal cell quotas of nitrogen is not possible because carbon-specific q0 data are quite rare for freshwater algae. It is, however, possible to combine the data of Rhee and Gotham (1980) , which provide cell number-specific minimal cell quotas of P and N, and the data of Gotham and Rhee (198 l) , which provide minimal cell quotas of P and cell volumes (convertible to carbon according to Rocha and Duncan 1985) for the same strains. This procedure provides carbonspecific qNO values for five species of freshwater phytoplankton ranging from 0.0 18 to 0.18 N/C. The bulk value obtained for the Binnensee algae (0.062 N/C) lies within this range. From the Qmax values of Binnensee phytoplankton, a C : N : P ratio of 95 : 13.6 : 1 is obtained, at which reproductive rates should be both nitrogen and phosphorus saturated. This set of values is remarkably similar to the Redfield ratio (106 : 16 : I), which is considered to characterize the nutrient-saturated phytoplankton of the sea.
Similarly, the Monod kinetics of the phytoplankton in Binnensee lie within the range of literature data obtained from cultures. Half-saturation constants for P-limited growth of phytoplankton range from 0.003 to 1.89 PM (tables 4.8 and 4.9 of Kohl and Nicklisch 1988: The Kruskal-Wallis test (a nonparametric analog of ANOVA) did not find a significant difference between the literature data and the Binnensee data (for kp, P = 0.48; for kN, P = 0.6).
-The results of this study add to the increasing evidence that nutrient limitation of phytoplankton does occur, in spite of the skepticism of Goldman et al. (1979) and Harris (1986) . The temporal pattern of nutrient limitation found in this hypcrtrophic lake is quite similar to the pattern observed in eutrophic Haugatjern (Sakshaug et al. 1983 ) and in mesotrophic Schiihsee (Sommer 1988a): nutrient limitation reaches only moderate intensity and only persists for several weeks. In the case of Gr. Binnensee it is obvious that zooplankton-induced clearwater periods interrupt nutrient limitation. In the other cases, this punctuation was less obvious. The simultaneous occurrence of P and N limitation in Gr. Binnensee is similar to findings in Schiihsee and contradicts the widespread habit of considering lakes as either P or N limited. It is, however, consistent with the theory of resource competition (Tilman 1982) , which predicts the coexistence of species limited by different resources. Liebig's law of the minimum applies only to a population of individuals in a given situation and not to entire communities.
It is obvious that there was exploitative competition for limiting nutrients between Binnensee phytoplankton.
Tilman (1982) defines resource competition as depression of the competitor's reproductive rate because of consumption and therefore depletion of shared resources. Evidently, nutrient concentrations in Binnensec before consumption by algae suffice for maximal reproductive rates, and nutrient depletion during the biomass peaks of phytoplankton leads to limitation of reproductive rates.
It can be further questioned whether competition proceeds far enough toward equilibrium to make the resource ratio concept applicable. It has been repeatedly shown by chemostat competition experiments (see Sommer 198 9 ) that species composition under steady state conditions depends on the ratio of limiting resources. Competition experiments with regularly fluctuating nu-trient supply (Sommer 1985) and with the addition of a further trophic level (grazing zooplankton; Sommer 1988b) have shown the same basic pattern, although the taxonomic identity of the winning competitors was not always the same as in steady state experiments with the same resource ratios. If resource ratios change consistently in one direction over time instead of fluctuating around a mean, it is expected that the species composition tracks the resource ratios with some time lag because it necessarily takes time until a physiologically dominant competitor becomes dominant in terms of biomass or abundance. According to theory, the dependence of species composition on resource ratios applies not only to resources that strictly follow Licbig's law of the minimum (e.g. a pair of nutrients) but also to "interactive-essential" resources (sensu Tilman 1982) where there is a transition range of double limitation (e.g. light and one nutrient) and to substitutable resources (e.g. ammonium and nitrate).
Leaving aside the rare cases of Si limitation, there are three essential resources for which competition took place: N, P, and light. Light limitation has not been tested directly, but it can be inferred from the high extinction coefficients (courtesy of H. Rai) reached during the maxima of algal biomass. The highest was 4.4 m-l, which translates to a euphotic depth (1% of surface intensity) of only 1 m as opposed to a mixing depth of -2 m. The average light intensity (Im,J of the mixed layer was calculated according to Riley (1957) :
1 -e-C.Z Imix = I;) --( 1 cz where E is the extinction coefficient, I, the surface irradiance, and z the mixing depth.
During the period of the highest extinction coefficients Imix was only about 11% of the surface irradiance.
Three limiting essential resources give three meaningful resource ratios along which species could be sorted: N : P, N : light, P : light. The nutrient ratios were calculated stoichiometrically (mol DIN : mol SRP). For the nutrient : light ratios the quotient I,,,/ lo was used. This relative term was chosen in preference to an absolute value for Imix because I, changes from day to day-much quicker than the time scale of species replacements -while E and, hence, Zmi,lIo changes with biomass and therefore on a time scale comparable to that of species replacement. In addition to the ratios of essential resources, the speciation of DIN must also be considered. Therefore, the NO,-: NH,+ ratio was also calculated.
Time lags between resource ratios and species composition were analyzed by crosscorrelation of the arcsine-square root-transformed values of the relative contribution of the most important species to total biomass (pi = BilB,,,) and the log of the resource ratios. The location of the correlation peak with the ratio at which pi showed the best correlation was taken as the characteristic response time of species i. The smaller Stephanodiscus sp., for example (Fig. 9) , showed the highest correlation with the NO3 -: NH,+ ratio of a week before. This characteristic response time was used for a multiple correlation into which all resource ratios, the biomass of the most important grazer (0. magna), and the water temperature were entered as independent variables. Quadratic terms of the independent variables were also entered in order to account for nonlineat-ities, including unimodal responses. The simplest possible model was then selected by stepwise variable selection (forward procedure, F to enter = 4).
For all species used in this analysis, a significant regression could be found and it always cojntained at least one resource ratio (Table 2) . A unimodal response (linear term positive, quadratic term negative, peak of the response curve within the observed range) was rare: for M. contortum the optimal N : light ratio was 45 (total range of N: light ratios, 4.8-433) and for the small Stephanodiscus sp. the optimal Daphnia biomass was 130 pg DW liter-' (total range ofdata, 2.4-1,288 hgliter-I). Otherwise, the species under study showed either uniformly positive, uniformly negative, or no response to the independent variables.
We can now examine whether species similar in their responses to one variable are dissimilar in their response to at least one other variable. This finding would be consistent with Hutchinson's concept of the 
n-dimensional niche and would be further support for the assumption that the community composition of phytoplankton was structured by competition. Table 3 shows that indeed there was no pair of species with the same response pattern. This finding remains valid if the resource ratios alone are considered.
A comparison of the response to resource ratios with the physiology of the individual species can be made in only a few cases because light requirements have not been analyzed. A comparison between the response to N : P ratios with individual species' physiologies can be made for those species where the k, values for N and P are known because the optimal nutrient ratio roughly equals the k, ratio (Tilman 1982) . Five kN : k, ratios can be calculated from the data in Table 1 : Monoraphidium min&urn -0.9 1; Dictyosphaerium botryella -2.06; N. closterium -23.6; Scenedesmus quadricauda -32.6; Scenedesmus acuminatus-33.8. The first two species have been found to be most important at low N : P ratios in situ, the latter three at high ratios (Table 3) . It must be mentioned, however, that estimates of k, are very sensitive to errors. The k, ratio of M. minutum seems incredibly low. The difference between the low N : P species and the high N : P species is, however, beyond doubt.
The present analysis found no contradiction between the well-known physiological models of nutrient limitation and the performance of natural phytoplankton populations in Gr. Binnensee. This result was quite surprising in the case of the Monod model which requires steady state. Similarly, the resource ratio concept of Tilman's competition theory seemed to hold, although a chemostatlike steady state was never attained in the lake. Obviously both models remain useful approximations even under transient conditions.
Therefore it would be unwise to reject them without testing because of alleged unsteadiness or because of a mismatch in scale between culture bottles and lakes, at least not until more accurate models are in hand.
